Using ultrasound-guided in utero infections of fluorescently traceable lentiviruses carrying RNAi or Cre recombinase into mouse embryos, we have demonstrated noninvasive, highly efficient selective transduction of surface epithelium, in which progenitors stably incorporate and propagate the desired genetic alterations. We achieved epidermal-specific infection using small generic promoters of existing lentiviral short hairpin RNA libraries, thus enabling rapid assessment of gene function as well as complex genetic interactions in skin morphogenesis and disease in vivo. We adapted this technology to devise a new quantitative method for ascertaining whether a gene confers a growth advantage or disadvantage in skin tumorigenesis. Using a1-catenin as a model, we uncover new insights into its role as a widely expressed tumor suppressor and reveal physiological interactions between Ctnna1 and the Hras1-Mapk3 and Trp53 gene pathways in regulating skin cell proliferation and apoptosis. Our study illustrates the strategy and its broad applicability for investigations of tissue morphogenesis, lineage specification and cancers.
Using ultrasound-guided in utero infections of fluorescently traceable lentiviruses carrying RNAi or Cre recombinase into mouse embryos, we have demonstrated noninvasive, highly efficient selective transduction of surface epithelium, in which progenitors stably incorporate and propagate the desired genetic alterations. We achieved epidermal-specific infection using small generic promoters of existing lentiviral short hairpin RNA libraries, thus enabling rapid assessment of gene function as well as complex genetic interactions in skin morphogenesis and disease in vivo. We adapted this technology to devise a new quantitative method for ascertaining whether a gene confers a growth advantage or disadvantage in skin tumorigenesis. Using a1-catenin as a model, we uncover new insights into its role as a widely expressed tumor suppressor and reveal physiological interactions between Ctnna1 and the Hras1-Mapk3 and Trp53 gene pathways in regulating skin cell proliferation and apoptosis. Our study illustrates the strategy and its broad applicability for investigations of tissue morphogenesis, lineage specification and cancers.
Dissecting the complex cellular behaviors regulating tissue growth in embryogenesis and cancers necessitates a physiologically relevant in vivo model and a method for exploring gene function in the context of signaling pathways that govern homeostasis. In Caenorhabditis elegans and Drosophila melanogaster, studies of normal tissue balance and growth control have been aided by an array of genetic approaches including RNA interference (RNAi). In mouse models, where the relationship to human cancers is often clearer, functional analyses of genes regulating cellular growth have been limited to labor-intensive knockout technologies.
Several groups have used intra-amniotic ultrasound-guided microinjections of viruses to deliver genes in vivo to organs and tissues of early mammalian embryos in situ [1] [2] [3] [4] [5] [6] . Although promising, such studies
have not yet achieved cell type selectivity and targeting efficiency suitable for functional analyses probing the physiological relevance of genetic interactions in mammals. Our goal was to develop a highly efficient, noninvasive, cell type-specific in vivo method that takes advantage of existing generic RNAi lentiviral libraries 7, 8 . Exploiting skin epidermis' use as a classical model for studies of tumorigenesis and epithelial biology, here we describe this method and document its feasibility for novel quantitative investigations of mouse tissue growth, morphogenesis, homeostasis and cancer.
RESULTS

Transduction of surface epithelium with lentiviral vectors
Endo et al. 5 recently used ultrasound-guided lentiviral microinjection into the amniotic cavity of mouse embryos at 8-12 days post coitum (E8-E12) to achieve postnatal expression of an epidermal promoterdriven GFP transgene. Extending these findings, we demonstrated that lentivirus-sized fluorescent beads were internalized by E9.5-E10.5 surface epithelium comprising a single layer of non-neural ectoderm. Thereafter, bead uptake was confined to the transient periderm layer, which developed over the embryo surface (Supplementary Fig. 1 ). These results suggested that epidermal specificity might be achieved by the delivery mechanism itself.
To explore this possibility, we performed microinjections into the amniotic cavities of E9.5 embryos, where the ratio of amniotic volume to embryo surface area is optimal (Supplementary Fig. 2 ). Using pLKO.1, a generic lentiviral vector designed for RNU6-1 promoter-driven short hairpin RNA (shRNA) expression 8 , we replaced its PGK promoter-driven puromycin-resistance gene with the histone gene Hist2h2be fused to Gfp, Rfp, Cfp and Yfp cDNAs (yielding a vector we refer to as LV-XFP; Fig. 1a) 9, 10 . By E18.5, this H2B-GFP fusion protein was detected throughout multilayered back skin epidermis and developing hair follicles (Fig. 1b-e) . Expression was maintained in adult skin, indicating that lentiviral transductions achieved stable incorporation of DNA into the host genome (Fig. 1f) , in agreement with the results of Endo et al. 5 . We next generated the lentiviral vector LV-Cre, harboring an nls-Cre fusion gene driven by the cytomegalovirus (CMV) promoter (Fig. 1a) , and performed injections on E9.5 Rosa26-YFP Cre reporter embryos (r26 yfp/+ ) 11 . As demonstrated by YFP expression, LV-Cre efficiently excised loxP-flanked (floxed) sequences in single-layered embryonic epidermis (Fig. 1g,h) .
Under high infection rates, large regions of skin epithelium expressed YFP (Fig. 1i) , with an occasional YFP -hair follicle and overlying epidermis (Fig. 1i, inset) . Conversely, at lower infectivity rates, discrete areas encompassing a uniformly YFP + hair follicle and adjacent epidermis could be visualized (Fig. 1h) . As our system provides control over the degree of labeling (Supplementary Fig. 3 ), Rapid functional dissection of genetic networks via tissue-specific transduction and RNAi in mouse embryos it affords a means for future exploration of issues such as the arrangement of epidermis into discrete units 12 .
Most importantly, our transductions led to apparent surface epithelial-specific expression without the use of tissue-specific promoters. To explore this further, we injected LV-RFP into E9.5 transgenic mouse embryos expressing actin-GFP under an epidermal-specific Krt14 (also known as K14, encoding keratin 14) promoter, K14-GFPactin 13 . When subjected to fluorescence activated cell sorting (FACS), H2B-RFP + newborn back skin cells were all GFP + (Fig. 2a) , confirming that our skin transductions are epidermal specific. Moreover, FACS quantification revealed that high infection rates were consistently achieved over the entire embryo surface in both hair follicles and overlying epidermis, with highest transduction in the head region (Fig. 2b,c) . High head skin infectivity at E9.5 resulted in LV-Cre achieving excision 2-3 d earlier (at E10.5) than transgenic K14-Cre (at E12.5-E13.5) (Supplementary Fig. 4) . This difference could be useful for functional analyses of genes involved in early epidermal development. Notably, with higher viral titers, progressively smaller increases in overall infection levels were observed. For instance, with injections of >10 6 colony-forming units (CFU), a further 700% increase in viral titer elevated head skin infection by only 30%. This raised the intriguing possibility that at high infectivity, cells might be transduced with multiple viruses (Fig. 2b) .
To monitor multiple viral deliveries, we injected E9.5 embryos with four different fluorescently tagged viruses and analyzed them at E18.5. Even with low infections (30%), ~1% of skin cells coexpressed all four fluorescently tagged histones (Fig. 2d-j) . Because the backbone of each of these viruses can accommodate additional features, including multiple shRNAs and transgenes, the potential of this technique for rapid analysis of multiple gene functions far exceeds that of conventional mouse genetics.
In regard to the efficacy of the transduction system, it is noteworthy that our micromanipulations yielded high survival rates (79%) and efficient targeting to the amniotic cavity (81%). Moreover, lentiviral infection did not affect tissue proliferation, apoptosis, morphology or differentiation (Supplementary Fig. 5 ). Additionally, leukocyte and lymphocyte numbers were comparable and low in lentivirally infected and non-infected postnatal day (P) 0 mouse skins (Supplementary Fig. 6 ). This was relevant because other perturbations are known to elicit immune response during embryonic skin development and because retroviral-based vectors are known to elicit innate and/or adaptive immune responses in gene therapy trials 14, 15 . Lastly, low levels of lentiviral transduction were detected at other sites, including the corneal, oral, nasal and otic epithelia (not shown).
Development of a quantitative cellular growth assay
The ability to co-infect epidermal cells with multiple viruses and to accurately quantify infection levels by FACS facilitated our adaptation of the system to assay whether a genetic deficiency results in a growth advantage or disadvantage in the context of tissue development or homeostasis in vivo. The general principle is outlined below, and should be particularly useful in the field of cancer, where skin carcinogenesis is often the model of choice (Fig. 3a-d) .
Briefly, we infected E9.5 mouse embryos with two lentiviruses: (i) LV-Cre, which, depending on the genetic background, marks control (r26 yfp/+ ) or mutant (gene lox/lox r26 yfp/+ ) cells and (ii) LV-RFP, which labels a corresponding group of cells to serve as an internal control for overall infection levels (Fig. 3a,b) . By FACS-quantifying H2B-RFP + and YFP + cells in control and mutant E18.5 embryos, we obtained a cellular growth index (CGI), defined as the ratio between YFP + cells observed in the test condition (gene lox/lox r26 yfp/+ ) and YFP + cells in the control (r26 yfp/+ ) at an equivalent infection level (H2B-RFP + cells). A CGI of 1 reflects no effect of gene deficiency on cellular growth, whereas a higher or lower value indicates an advantage or disadvantage, respectively (Fig. 3c) . As depicted by regression analysis, the ratio of H2B-RFP + to YFP + cells in a control tissue remained linear across a range of infection levels (Fig. 3d) . 
LV-Cre
To illustrate the power of the approach, we focused on α1-catenin (encoded by Ctnna1), an essential actin-binding component of adherens junctions 16 , which shows reduced expression in most mouse and human carcinomas [17] [18] [19] [20] . To establish the fidelity of the r26 yfp/+ Cre reporter as an indicator of Ctnna1 knockout clones, we used LV-Cre to infect r26 yfp/+ E9.5 embryos that were either wild-type or homozygous for the floxed Ctnna1 allele 16 . At E18.5, YFP + back skin epidermal cells were isolated by FACS and analyzed by immunoblotting. α1-catenin protein levels were ~7% of the control, suggesting that LV-Cre-mediated excision was efficient (Fig. 3e) . Moreover, by immunofluorescence, clonal patches of YFP + epidermis were always negative for α1-catenin and vice versa (Fig. 3f) .
When we compared the Ctnna1 lox/lox r26 yfp/+ mice to the r26 yfp/+ controls using our CGI assay, the ratio of H2B-RFP + cells and Ctnna1 mutant (YFP + ) cells was independent of overall infection levels, as observed for the controls. However, the calculated CGI was 0.6, indicating a significant (P < 0.001) 67% reduction in YFP + cells observed in Ctnna1 mutants relative to wild-type mice (Fig. 3g) . Consistent with the results of the CGI assay, a progressive loss of YFP + Ctnna1 mutant but not control cell clones occurred during postnatal development. Thus, following loss of α1-catenin, epidermal cells are at a growth disadvantage.
The growth disadvantage of α1-catenin-null clones seemed at odds with the elevation in proliferating nuclear antigen Ki67 reported previously 16 . To verify that α1-catenin deficiency indeed leads to hyperproliferation in our LV-Cre-infected embryos, we administered BrdU to r26 yfp/+ and Ctnna1 lox/lox r26 yfp/+ E18.5 embryos that had been infected at E9.5. Six hours later, basal epidermal cells were FACS-sorted for α6-integrin + ± YFP + . For control LV-Cre-infected r26 yfp/+ embryos, the animal-matched ratio of BrdU + YFP + versus BrdU + YFP − cells remained constant as expected. By contrast, a significant increase (~20%, P < 0.001) was seen in BrdU + YFP + versus BrdU + YFP − cells in LV-Cre-infected Ctnna1 lox/lox r26 yfp/+ animals ( Fig. 3h,i ; see additional details below).
Although revealing the power of our strategy, these results unveiled an unexpected conundrum: how does α1-catenin loss result in a cellular growth disadvantage and yet promote proliferation and tumorigenesis 16, 19, 20 ? To dissect the cellular mechanisms responsible, we first needed to demonstrate the utility of our system for conducting rapid functional and genetic interaction analyses in vivo.
Efficient gene knockdown using lentiviral RNAi in vivo Utility of our system for rapid RNAi-mediated loss-of-function studies requires efficient gene knockdown and faithful recapitulation of the knockout phenotype (Fig. 4) . The RNAi Consortium (TRC) mouse lentiviral library 9 carried three Ctnna1 shRNA constructs (Fig. 4a) . When introduced into cultured wild-type epidermal keratinocytes, they reduced Ctnna1 mRNA levels to ~70% (shCtnna1-186), 30% (shCtnna1-1764) and 9% (shCtnna1-912), respectively, of those seen with a control scrambled shRNA (shScram; Fig. 4c) .
After cloning these shRNAs into our LV-GFP backbone, we performed amniotic injections on E9.5 embryos. At E18.5, H2B-GFP + back skin cells were isolated by FACS and used for immunoblot analyses. In agreement with the transcript reductions observed in vitro, α1-catenin protein expression in vivo was reduced to ~70% (shCtnna1-186), 45% (shCtnna1-1764) and 18% (shCtnna1-912) of control levels, respectively (Fig. 4b,c) . Immunofluorescence analyses corroborated these results, revealing the strongest reduction in α1-catenin in H2B-GFP + epidermal patches from embryos transduced with shCtnna1-912 (Fig. 4d) .
Previous Ctnna1 gene targeting by transgenic K14-Cre expression resulted in defects in intercellular adhesion and actin dynamics, as well as disorganized epidermal stratification, MAPK-mediated hyperproliferation and precancerous epithelial invaginations 16, 19, 21 . To verify that in vivo RNAi-mediated gene knockdown and LV-Cremediated knockout can phenocopy these known loss-of-function consequences, we compared LV-GFP shCtnna1-912 knockdown and LV-Cre Ctnna1 knockout with conditional K14-Cre Ctnna1 knockout. For gene targeting, we used Ctnna1 lox/lox r26 yfp/+ mice so that levels of LV-Cre and K14-Cre-mediated knockout cells could be quantified by measuring the proportion of YFP + , α6-integrin + Ctnna1 knockdown, LV-Cre knockout and conditional K14-Cre knockout embryos shared several phenotypic characteristics: eyelid closure failure; curled tails; shortened limbs; fused digits; and skins that were shiny, taut and fragile 16 ( Supplementary  Fig. 7) . Only Ctnna1 knockdown and LV-Cre-mediated Ctnna1 knockout embryos showed a paucity of skin in the head region ( Supplementary Fig. 7c,d ). This increased severity in head skin phenotype defects in the lentiviral versus K14-transgenic Cre phenotype was consistent with the high infectivity at this site (Fig. 2b,c) as well as with the 2-3-d difference in the timing of the excision achieved by LV-Cre (at E10.5) as compared to K14-Cre (at E12.5-E13.5; Supplementary Fig. 4) .
In addition to recapitulating the gross defects caused by α1-catenin loss of function, knockdown also generated tissue defects characteristic of those observed in Ctnna1 knockouts. These included perturbations in epidermal architecture and stratification, accompanied by induced suprabasal keratin 6 16 (Fig. 4e-i) . In addition, cultured Ctnna1 knockout and knockdown keratinocytes showed expected defects in their actin cytoskeletons and failed to establish and maintain cell-cell adhesion junctions 21 (Supplementary Fig. 8) . Altogether, the striking phenotypic parallels between mice with Ctnna1 RNAi-mediated knockdown and those with loss-of-function mutations, but not those treated by control scrambled RNAi, made off-target effects unlikely and underscored the efficiency of this strategy for dissecting physiological mechanisms. In subsequent experiments, we guarded against possible off-target effects by using shScram RNAi controls and multiple shRNA hairpins against each gene transcript.
Using RNAi in vivo to dissect a genetic network
The ability to conduct knockdowns for functional studies provided the means to probe deeper into why Ctnna1 mutant cells have a growth disadvantage despite being hyperproliferative (Fig. 5) . We first tested whether Ras-MAPK activity, previously found to be elevated in cultured Ctnna1-null cells 16 , might be responsible for the elevated proliferation in our embryos. We selected shRNAs corresponding to (i) Hras1, encoding the most abundant Ras family member and predominant target of oncogenic mutations in skin 22, 23 , and (ii) Mapk3, encoding Mapk3, the most downstream component of the MAPK signaling cascade governing epidermal proliferation 24 . In keratinocytes in vitro, shHras1-267 and shMapk3-357 resulted in 86% Hras1 and 93% Mapk3 transcript reductions, respectively (Fig. 5a) .
After modifying our LV-Cre vector to express these shRNAs, we infected r26 yfp/+ embryos with these and control viruses. Quantitative immunoblot analyses of lysates from FACS-purified infected (YFP + ) cells revealed marked reductions of Hras1 (79%) and Mapk3 (86%, Fig. 5b ). Newborn mice with strongly reduced Hras1 and Mapk3 were viable and had normal skin, consistent with these proteins' nonessential function in skin embryogenesis 25, 26 .
To investigate the effects of Hras1 and Mapk3 knockdowns on the hyperproliferative behavior of Ctnna1 mutant cells, we again analyzed BrdU incorporation, this time in r26 yfp/+ and Ctnna1 lox/lox r26 yfp/+ E18.5 embryos that had been infected with shRNA-modified LV-Cre at E9.5 (Fig. 5c) . For each animal, BrdU incorporation in YFP + cells was normalized to that of animal-matched YFP − cells. In Hras1 knockdown control animals, the proportion of BrdU + cells in YFP + and YFP − populations was constant, indicating that Hras1 reduction alone did not affect proliferation. By contrast, equivalent Hras1 knockdown in Ctnna1 mutant cells abolished the increase in BrdU incorporation. Mapk3 knockdown also restored normal proliferation to Ctnna1 mutant cells, while showing no effect on control cells. These data imply that the hyperproliferation following α1-catenin loss in vivo is dependent upon downstream Ras-MAPK activity. These experiments further illustrate the strength of our system, in which a combination of RNAi-mediated knockdown and Cre-mediated knockout can be used for rapid assessment of physiologically important genetic interactions. Although our findings established a pathway whereby α1-catenin deficiency leads to enhanced Ras-MAPK signaling and hyperproliferation in vivo, this mechanism acted counter to the decreased CGI. To understand why, we first checked for senescence following α1-catenin loss. When the senescence-associated β-galactosidase protocol 27 revealed no signs of enhanced senescence (Supplementary Fig. 9 ), we addressed whether the hyperproliferation might be counterbalanced by enhanced apoptosis. Interestingly, a 960% increase in active caspase 3-and TdT-mediated dUTP nick end-labeling (TUNEL)-positive cells was found in Ctnna1 mutant relative to control tissues ( Fig. 5d,g; data not shown).
Loss of transformation-related protein 53 (Trp53) rescues the apoptotic defects in Cdh1(encoding cadherin 1) mutant mammary gland cells in vivo 28 , and a variety of human epithelial cancers show reduced E-cadherin and α1-catenin levels along with Trp53 activation 17, 18 . To test whether Trp53 is activated following α1-catenin loss in skin, we isolated mRNA from FACS-purified YFP + cells of LV-Cre infected r26 yfp/+ and Ctnna1 lox/lox r26 yfp/+ E18.5 embryos and profiled them for known Trp53 targets. The highest transcript increases in Ctnna1 mutant embryos were Bbc3 (1,130%) and Pmaip1 (530%) (encoding, respectively, PUMA and Noxa, the primary mediators of Trp53-dependent cell death) 29 (Fig. 5e, black bars) . We also detected smaller increases in the Trp53 targets Cdkn1a, Gadd45a and Apaf1.
To test for functional interactions between α1-catenin and Trp53-mediated apoptosis, we measured the effect of Trp53 knockdown on apoptosis in Ctnna1 mutant cells. First, we selected shTrp53-1223 and shTrp53-9132, which showed ~50-60% reduction in Trp53 transcripts in keratinocytes and embryonic skin (Fig. 5f) . Next, we infected E9.5 Ctnna1 lox/lox r26 yfp/+ embryos with LV-Cre harboring shTrp53 and analyzed them at E18.5. In Ctnna1 mutant cells, Trp53 reduction in vivo reduced increases in Bbc3 and Pmaip1 transcripts observed following loss of Ctnna1 alone by 190% and 350%, respectively (Fig. 5e,  green bars) . Furthermore, whereas Trp53 knockdown in control clones showed no measurable effect on apoptosis, comparable Trp53 knockdowns in Ctnna1 mutant cells resulted in a 300% decrease in the elevation of active caspase 3-positive cells seen following Ctnna1 loss ( Fig. 5g) . This phenomenon was not attributable to off-target effects, as knockdown with two different Trp53 shRNAs gave similar results (Fig. 5g) . Both transcript and apoptosis reductions refer to changes in values observed in Ctnna1 mutant cells that are substantially increased as compared to the wild type. Next we tested if the observed reduction in CGI could be reversed on Trp53 knockdown in Ctnna1 mutant animals. Indeed, when the mix of LV-RFP-and LV-Cre-expressing shTrp53-1223 was injected into Ctnna1 lox/lox r26 yfp/+ test and r26 yfp/+ control embryos at E9.5 and analyzed at E18.5, the calculated CGI was 0.8. Although this was <1, the difference from control was not statistically significant at P < 0.05 (Fig. 5h,i) . This result differed significantly from the CGI following loss of α1-catenin alone ( Fig. 3g ; P < 0.001). Together, these findings provide compelling evidence that Trp53 activation is responsible for the growth disadvantage following loss of α1-catenin.
DISCUSSION
Although primary keratinocyte cultures have been instrumental for elucidating many features of epidermal biology, they undergo significant morphological and biochemical changes that limit their value for studying normal tissue physiology. This is true even for organotypic cultures and in vivo engraftment approaches, which generate woundlike perturbations in tissue integrity. Although in vivo xenotransplantation makes it possible to test relationships between human and mouse biology and hence represents an important approach to skin cancer research 30 , engraftment procedures require immunocompromised mice, and thus can not recapitulate the full complement of cellular behaviors likely to play a role in cancers.
Our strategy for conducting comprehensive functional analyses couples the accessibility of epidermis with the utility and expediency of RNAi and commercially available shRNA libraries, and thus greatly expands the molecular toolbox for dissecting complex genetic pathways in mammalian tissue biology. In its simplest form as a singlegene functional analysis, our method necessitates only a few weeks between target selection and phenotypic analysis. As such, it offers a distinct advantage over classical mouse genetics, the conventional methods currently used to study embryonic development and tissue homeostasis in an unperturbed physiological setting.
The ability to selectively target and label epidermal progenitors allowed us to develop the CGI assay as a quantitative tool for dissecting pathways that regulate cell growth. Given that the epidermis has long served as a major model in cancer studies, this new strategy becomes particularly powerful. In addition, the combination of RNAi-mediated knockdown and lentiviral Cre-mediated knockout allows for a rapid assessment of genetic epistasis. Moreover, at least four different viruses can be used for simultaneous tissue infection, expanding the utility of this system, for example, for eliminating functional redundancies or conducting knockdown and/or replacement studies.
It is noteworthy that epidermal transduction with LV-Cre provides temporal and spatial benefits over the existing epidermis-specific Cre lines. The earlier and more uniform generation of epidermalspecific gene knockouts with LV-Cre permits future exploration of early developmental functions such as stratification, planar cell polarity and epithelial-mesenchymal interactions. The ability to control infection levels by varying lentiviral titers offers (i) an ideal source of animal-matched internal control cells, (ii) a means of analyzing gene function in adult skin, which is often precluded by newborn lethality, and (iii) the ability to distinguish between cell-autonomous and non-cell-autonomous protein roles in vivo.
Finally, using Cnnta1 as the archetype, we have shown how our technology can be used to uncover new insights into the genetic interplay between intercellular adhesion and growth control. Our analyses demonstrated a measurable effect of Ras-MAPK-dependent cell proliferation and Trp53-dependent cell death on Ctnna1 lossof-function phenotypes during skin morphogenesis. It is tempting to speculate that the genetic interactions we uncovered between these two opposing pathways allow the epidermis to suppress neoplastic growth and sustain homeostasis following loss of α1-catenin. A similar phenomenon has been observed following loss of TGF-β signaling in the skin 31 . Given our new findings, we posit that this genetic interplay between opposing pathways may be a common feature of tumor suppressors in skin epithelium. In this scenario, tipping the balance toward cell survival through pro-survival signals or alterations in Trp53 pro-apoptotic function could subsequently lead to development of epidermal tumors, reinforcing why the frequent occurrence of Trp53-null mutations following chronic UVB exposure contributes so greatly to skin cancers.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemedicine/.
Note: Supplementary information is available on the Nature Medicine website.
